Graphical Abstract Highlights d The transcription factor bZIP63 binds and regulates the circadian clock gene PRR7 d bZIP63 is required for adjustment of circadian period by sugars d Trehalose-6-phosphate metabolism and KIN10 signaling regulate circadian period d Sugar signals establish the correct circadian phase in light and dark cycles
In Brief
Frank et al. identify mechanisms by which the Arabidopsis circadian clock entrains to sugars. Metabolic adjustment of circadian phase involves trehalose-6phosphate, SnRK1 subunit KIN10 and the transcription factor bZIP63. bZIP63 regulates the circadian clock gene PSEUDORESPONSE REGULATOR7. This sets the circadian phase in light and dark cycles.
SUMMARY
Synchronization of circadian clocks to the day-night cycle ensures the correct timing of biological events. This entrainment process is essential to ensure that the phase of the circadian oscillator is synchronized with daily events within the environment [1] , to permit accurate anticipation of environmental changes [2, 3] . Entrainment in plants requires phase changes in the circadian oscillator, through unidentified pathways, which alter circadian oscillator gene expression in response to light, temperature, and sugars [4] [5] [6] . To determine how circadian clocks respond to metabolic rhythms, we investigated the mechanisms by which sugars adjust the circadian phase in Arabidopsis [5] . We focused upon metabolic regulation because interactions occur between circadian oscillators and metabolism in several experimental systems [5, [7] [8] [9] , but the molecular mechanisms are unidentified. Here, we demonstrate that the transcription factor BASIC LEUCINE ZIPPER63 (bZIP63) regulates the circadian oscillator gene PSEUDO RESPONSE REGULATOR7 (PRR7) to change the circadian phase in response to sugars. We find that SnRK1, a sugar-sensing kinase that regulates bZIP63 activity and circadian period [10] [11] [12] [13] [14] is required for sucrose-induced changes in circadian phase. Furthermore, TREHALOSE-6-PHOSPHATE SYNTHASE1 (TPS1), which synthesizes the signaling sugar trehalose-6-phosphate, is required for circadian phase adjustment in response to sucrose. We demonstrate that daily rhythms of energy availability can entrain the circadian oscillator through the function of bZIP63, TPS1, and the KIN10 subunit of the SnRK1 energy sensor. This identifies a molecular mechanism that adjusts the circadian phase in response to sugars.
RESULTS
bZIP63 Regulates a Response of the Circadian Oscillator to Sugars Circadian entrainment to sugars involves the regulation of PRR7 transcription [5] . In response to sugars, the wild-type circadian period shortens, whereas that of prr7-11 does not [5] . Previous investigation of candidate regulators of PRR7 failed to identify candidates affecting the response of the circadian oscillator to sugars [5, 15] . We hypothesized that the transcription factor (TF) bZIP63 might regulate PRR7 because bZIP63 is regulated by the SnRK1 energy sensor and bZIP63 transcripts peak before PRR7 in constant light ( Figure S1A ). bZIP63 is a strong candidate for sugar-mediated regulation of the circadian oscillator because it binds ACGT core element motifs [16] , and the PRR7 promoter contains five ACGT-core bZIP TF-binding motifs within 300 bp of its transcription start site, including a canonical G-box at À254 bp [11, [17] [18] [19] (Figure 1A ). bZIP63 binds a PRR7 promoter region spanning À276 to À182 (Figures 1A and 1B; primer pair 1). PRR7 transcripts were downregulated in T-DNA insertion mutants and RNAi lines of bZIP63 (Figures 1C, S1B, and S1C) and upregulated in bZIP63 overexpressors (Figures 1C and S1B). We measured PRR7 transcript abundance under normal and low light, which mimics starvation, demonstrated by accumulation of the marker transcript DARK INDUCIBLE6 (DIN6) [5, 17] ( Figure S1D ). Under low-light conditions that deplete endogenous sugars, PRR7 transcripts accumulated in the wild-type before dawn ( Figure 1D bzip63 mutants ( Figure 1D ). Under high light, which elevates endogenous sugars (Figure S1D [5] ), bzip63 mutations had little effect on PRR7 transcript abundance; bzip63-1 was without effect and bzip63-2 reduced PRR7 transcript abundance slightly ( Figure 1D ). Sucrose supplementation and high light both suppress PRR7 transcript accumulation ( Figure 1D ) [5] , and bzip63 mutants prevent PRR7 upregulation under low light ( Figures 1D  and 1E ). These data suggest that bZIP63 upregulates PRR7 in low-energy conditions and that bzip63-2 is a stronger allele (Figure 1D ). At the end of the photoperiod, the bzip63 mutations did not affect PRR7 transcript abundance, consistent with the effects of sugar on PRR7 being restricted to the early photoperiod ( Figure 1E ) [5] . PRR7 transcripts decreased in bzip63-2 only at the night end, whereas CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and its target GBS1 were upregulated at ZT20-24 (Figure S1E). Upregulation of CCA1 in bzip63-2 might be due to downregulation of PRR7. Therefore, bZIP63 upregulates PRR7 in response to low energy. This is suppressed by sugars because both sucrose supplementation and bzip63 mutants inhibit PRR7 transcript accumulation. Because we found a PRR7-mediated circadian system-wide effect of bZIP63, we investigated whether bZIP63 underlies a response of the circadian oscillator to sugars. Unlike the wildtype, bzip63-1 circadian period was unaffected by sucrose under low light ( Figure 1F ), indicating that the circadian oscillator in bzip63-1 is sugar unresponsive. This suggests the circadian oscillator did not respond to sugars in bzip63-1 because PRR7 was not upregulated by low-energy conditions.
Sugar-Induced Changes in Circadian Period Involve KIN10 and Trehalose-6-Phosphate Biosynthesis
We investigated how regulators of bZIP63 influence the response of the circadian oscillator to sugars. KIN10 (AKIN10/ SnRK1.1), an a subunit of the sugar sensor SnRK1 [17], regulates bZIP63 activity in response to starvation [11] . KIN10 overexpression (KIN10-ox; Figure S1F ) [17] further increased the long circadian period of the wild-type occurring under low-energy conditions ( Figures 2A and 2C ). The circadian system in KIN10-ox remained sugar sensitive because sucrose supplementation shortened its period ( Figure 2C ) [5] . This could be because overexpressed KIN10 is inhibited post-translationally by sugars. Constitutive KIN10 overexpression under high light, when sugars are high, did not lengthen the period ( Figure S2A) .
Under low-energy conditions, such as low light, KIN10-ox caused a longer period relative to the wild-type ( Figure 2C ). Under high-energy conditions (either low light plus sucrose or high light), KIN10-ox had less effect ( Figures 2C and S2A ). Therefore, sugar levels affect the circadian phenotype in KIN10-ox. This is consistent with KIN10 regulating the circadian clock in response to energy status because low-energy conditions cause a longer period [5] , KIN10 is activated by low energy [14, 17] , and sucrose rescues light-intensity-dependent effects of KIN10 upon the circadian oscillator [14] .
TREHALOSE-6-PHOSPHATE SYNTHASE1 (TPS1) synthesizes the signaling sugar trehalose-6-phosphate (Tre6P). Tre6P concentration tracks sucrose and negatively regulates SnRK1 activity, bZIP63, and other sugar-sensing targets [11, 20, 21] . We investigated the circadian phenotype of three hypomorphic tps1 TILLING mutants [22] . Sucrose had no effect on period in tps1-11 and tps1-13 ( Figures 2B and 2D ). Sucrose shortened the period of tps1-12, the weakest allele for metabolite alterations [22] , but less than the wild-type ( Figure 2D ). In the presence of sucrose, all three tps1 alleles had longer periods than the wild-type ( Figure 2D ), presumably because low Tre6P mimics starvation. In the absence of sucrose under low-light conditions, tps1 mutants did not have a longer period than the wild-type ( Figure 2D ). This might be because these seedlings were already in a low-sugar state [5] , so disrupting this pathway caused no further change.
Diel and Circadian Rhythms of Sugar Signaling Revealed by DIN6 Promoter Dynamics
Energy changes might arise from fluctuations in sucrose availability [23]. We investigated this using DARK INDUCIBLE6 (DIN6/ASN1), which is upregulated by starvation, downregulated by sugars, and downstream of the regulation of bZIP63 by KIN10 [11, 17] . DIN6:luc had a diel rhythm, with promoter activity (2.4fold; Figure 3A ) and transcript abundance (2.7-fold; Figure S2B ) increasing after dusk. DIN6 promoter activity reduced through the night, presumably as sugars became available from starch breakdown [28] . After dawn, DIN6:luc activity decreased rapidly, suggesting the accumulation of photosynthetic sugars (Figure 3A) . DIN6 promoter dynamics in light/dark cycles arose from sugar status alterations, because sucrose supplementation attenuated DIN6:luc rhythms ( Figure 3A ). This is also supported by increased DIN6 transcript abundance under low-light/dark cycles at pre-dawn and dusk compared with high-light controls ( Figure S1D ). DIN6 promoter activity and transcript accumulation are also circadian regulated, peaking in the middle of the subjective day in constant high light (LL) ( Figures 3A and S2C ). As with CCA1:luc [5] , DIN6:luc was phase-advanced by sucrose under constant low light but not higher light intensity. Therefore, under light/dark cycles there are sugar-dependent cycles in a readout of KIN10-and bZIP63-mediated sugar signaling [11, 17] . This (B) bZIP63 binds the PRR7 promoter (n = 3 (HA-bZIP63-ox1) and n = 6 (HA-bZIP63-ox2); ±SD); À indicates mock and + indicates immunoprecipitated samples. ChIP used material harvested at end of dark period. (C) PRR7 transcripts at ZT0 under high light in bzip63 mutant and RNAi lines, and bZIP63 overexpressors (n = 3 ± SD; t test). (D and E) bZIP63 regulates PRR7 transcript abundance in low, but not high, fluence light/dark cycles. PRR7 transcript abundance immediately before (D) dawn and (E) dusk in mature plants exposed to low light 1 day before sampling (n = 5 ± SD; t test). (C-E) Significance is indicated for comparisons against wild-type at 100 mmol m -2 s -1 . (F) Sucrose shortened the circadian period of CCA1:luc in Col-0 (t test), but not bzip63-1 (n = 32; ± SEM). Dark and light gray shading indicates actual and subjective darkness, respectively. See also Figure S1 . Diel cycles of DIN6:luc activity are likely mediated by Tre6P. DIN6:luc activity was increased in two tps1 alleles (tps1-11 and tps1-12), particularly at night when low sugar availability combines with the low TPS1 activity in these mutants to activate KIN10 and the DIN6 promoter [11, 17, 20] (Figure 3C ). DIN6:luc was unaltered in tps1-13, which is a weaker allele for some physiological traits [22] . This demonstrates that Tre6P transmits diel changes in sugar status to the bZIP63-responsive promoter DIN6 ( Figure 3C ) [17, 18] .
Circadian Oscillator Protein CHE Interacts with bZIP63
and Regulates a Response of the Circadian Oscillator to Sugar bZIP TFs undergo regulatory interactions with many other proteins [29] . We investigated whether these might contribute to circadian entrainment by sugars. Using a yeast two-hybrid (Y2H) screen, we identified interaction between bZIP63 and the circadian oscillator component CCA1 HIKING EXPEDITION (CHE/TCP21) ( Figure S3A ). Like PRR7, CHE is a transcriptional repressor of CCA1 [30, 31]. No other known regulators of the circadian system interacted with bZIP63. We confirmed that bZIP63 interacts with CHE in planta using bimolecular fluorescence complementation ( Figure S3B ). We hypothesized that CHE might contribute to a response of the circadian oscillator to sugars. We found that sucrose induces CHE transcripts in the wild-type, but this was attenuated in KIN10-ox and somewhat in tps1-12 ( Figure S3C ). In light/dark cycles without sucrose supplementation, CHE overexpression and che lossof-function mutants suppressed and increased the amplitude of daily CCA1: luc fluctuations, respectively (Figures S3D and S3E) [30] . When diel changes in sugar status were eliminated by cultivation on 90 mM sucrose ( Figure 3A ), the amplitude difference between che mutants and the wildtype was abolished ( Figures S3D and S3E ). This suggests that CHE might not suppress CCA1 under sugar-replete conditions, and that CHE regulates a response of CCA1 to sugars. This occurred independently from CHE binding to the TCP-binding site (TBS) within the CCA1 promoter [30], because mutation of the TBS did not alter the response of CCA1 to a morning sugar pulse ( Figure S3F ).
bZIP63, KIN10, and TPS1 Regulate the Response of Circadian Phase to Sugars
To test the potential involvement of bZIP63, KIN10, Tre6P, and CHE in circadian entrainment, we measured the time-dependent adjustment of circadian phase in response to a sucrose pulse. This tests the response of the circadian oscillator to a transient stimulus, as opposed to prolonged sucrose treatments ( Figures  1F and 2) . A morning sugar pulse (ZT0-ZT6) advanced the wildtype circadian phase ( Figures 4A and 4B) [5] . In contrast, morning sugar pulses did not advance the circadian phase in bzip63-1 mutants ( Figures 4A and 4C ). This demonstrates that sucrose acts as a type 1 (weak) zeitgeber in the wild-type, resulting in a circadian phase advance. This phase advance was absent in bzip63-1. There was also no phase advance in tps1-11, tps1-13, and KIN10-ox in response to morning sucrose pulses (ZT3-ZT7.5, Figures 4D-4G ). tps1-12 had a phase advance in response to sucrose pulses at this time ( Figure 4E ), which is consistent with its weaker metabolic phenotypes [22]. These (legend continued on next page) data suggest that TPS1, KIN10, and bZIP63 might be positioned within a pathway by which sugars entrain the circadian oscillator ( Figures 4A-4G ).
Two che mutations had little effect upon the morning sucroseinduced phase advance (ZT0-ZT7.5; Figures 4H and 4I) , and a sucrose-induced phase delay occurred in che during the subjective night (ZT15-ZT19.5; Figures 4H and 4I ). CHE-ox increased the magnitude of the sucrose-induced phase advance of CCA1 at most times of day ( Figure 4J ). Therefore, CHE is not required for the sugar-induced circadian phase advance in the morning but might be associated with other sugar responses. This is consistent with our hypothesis that circadian entrainment to sugars depends upon PRR7, with the alteration of CCA1 transcription occurring in response PRR7 expression dynamics [5] .
Lastly, we examined whether PRR7 and bZIP63 are required for correct circadian function under day/night cycles. prr7-11 and bzip63-1 have a late phase of CCA1 expression ( Figures  4K and 4L) demonstrating that bZIP63 and PRR7 are required for correct oscillator phase under light/dark cycles ( Figures 4K  and 4L ). These late-phase phenotypes ( Figures 4K and 4L ) suggest defective entrainment. Considering that bZIP63 participates in the regulation of the circadian oscillator in response to sugars ( Figure 1F ), this sugar-responsive entrainment pathway is required to ensure correct circadian phase under light/dark cycles.
DISCUSSION
Our finding that bZIP63 regulates the circadian oscillator allowed us to investigate entrainment of the Arabidopsis circadian oscillator by sugars. We propose that daily fluctuations in sugar availability might be signaled by Tre6P to effect entrainment. Mutants impaired in Tre6P production had a reduced response of circadian period to sucrose ( Figures 2B  and 2D ), and the circadian oscillator of tps1 mutants was not entrained by sucrose ( Figures 4D-4F ). bZIP63 homo-and heterodimerization is regulated by KIN10-mediated phosphorylation [11] , so transcriptional regulation of PRR7 by bZIP63 might arise from bZIP63 phosphorylation dynamics. Mutants of both bzip63 and its negative regulator TPS1 have similar effects on the circadian oscillator because PRR7 cannot respond to sugar dynamics in both sets of mutants. KIN10-ox was insensitive to entraining sugar pulses, suggesting that SnRK1 participates in entrainment to transient sugar fluctuations ( Figure 4G ). Morning sucrose pulses delayed the phase in bzip63-1 (Figure 4A ), whereas the phase in tps1-11 and tps1-13 was sucrose insensitive ( Figures 4D and 4F) . This difference might reflect additional effects of the tps1 TILLING alleles, which influence a range of phenotypes [22] . Other kinases and pathways might be involved because KIN10-ox seedlings retained a shorter period, like the wild-type, during long-term sucrose supplementation ( Figure 2C) [14] . bzip63-1 was unresponsive to prolonged sucrose stimulation ( Figure 1F ), whereas it retained some sucrose-induced phase changes within the phase response curve ( Figure 4A ). This is similar to the lip1-1 mutant, which has a very small period response to varying intensity of continuous light, but retains a phase delay response to pulsed light in phase response curves [32] . In continuous darkness, the period of an evening reporter of the circadian oscillator (GIGANTEA) is unaltered in KIN10-ox [14] . This might be because, in continuous darkness, evening components of the circadian oscillator appear to uncouple from morning components such as CCA1 and PRR7 investigated here [5, 15, 33] .
We found that bZIP63 binds the PRR7 promoter in a region containing a canonical G-box motif. While bZIP63 might bind to other cis elements within this region, for two reasons it is possible that bZIP63 binds to this À254 bp G-box. First, mutating the G-box within the promoter of another bZIP63and KIN10-regulated gene, DIN6, abolishes the regulation of DIN6 by KIN10 [17] . Second, bZIP1 binding to G-box motifs is enhanced by heterodimerization with bZIP63 [34, 35] .
Our data suggest that the response of bZIP63 and PRR7 to sugar entrains the Arabidopsis circadian clock to dynamic energy signals during light/dark cycles. This will allow identification of other network components, since bZIP63 and other bZIPs are phosphorylated by protein kinases other than KIN10, potentially including KIN11 and casein kinase II [11, 29] . It will be informative to determine whether other bZIP TFs dimerize with bZIP63 to regulate PRR7 transcription and whether binding and/or activity of bZIP63 is regulated by energy status.
bZIP63 works through protein-protein interactions in addition to protein-DNA interactions. We identified potential interactions with CHE, a regulator of CCA1 [30]. This suggests several modes of regulation of bZIP63 activity and that CHE might affect the circadian oscillator through multiple mechanisms. bZIP63 interacts with a further TCP TF, TCP2 [36] , suggesting an interacting network of bZIP and TCP TFs. This bZIP63-CHE interaction provides further evidence that TCP TFs are important regulators within the plant circadian system [30, [37] [38] [39] . The bZIP63-CHE interaction might have mechanistic similarities with the coincident binding of interacting TOC1 and PIF3 to promoters of growth-regulating genes [40] . PIF4 is proposed as an additional regulator of circadian entrainment to sugars [41] , although PIF4 does not bind the PRR7 promoter [42, 43] and roles for PIF4 within metabolic entrainment remain untested.
Conclusions
Our identification of key molecular components that permit the circadian oscillator to respond to sugars brings a new dimension to the study of plant circadian systems, by identifying a TF that adjusts circadian phase to entrain the oscillator. Our finding that bZIP63 upregulates PRR7 promoter activity in response to low energy suggests that sugars regulate circadian period and phase through a signaling pathway rather than indirect metabolic changes [44] . This underlies the plasticity of the circadian period to sugars, with this plasticity absent from prr7-11 and bzip63 (K and L) Phase of rhythms of CCA1:luc in Col-0, prr7-11 and bzip63-1 in light/dark cycles of 70 mmol m -2 s -1 in the absence of sucrose (n = 12 ± SEM; t test), plotted as CCA1:luc bioluminescence (K) and time of peak bioluminescence (L). Shaded areas indicate subjective dark period. In (B) and (C), phase transition curves are double-plotted using data from (A) and indicate new phase against time following a 90 mM sucrose pulse for (B) wildtype and (C) bzip63-1. Dashed line indicates no phase shift. Data from two independent experiments were combined (n = 8 in each; ±SEM). mutants ( Figure 1F ) [5] . We propose that the dynamic sensitivity of the circadian system to cellular energy, through bZIP63 regulation of PRR7 expression, permits its continuous metabolic adjustment to contribute to energy homeostasis [45] . This is important because circadian systems provide a selective advantage through their phase relationship with the environment [3, 46] . Here, we identified a mechanism that establishes that phase relationship.
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